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Introduction
Due to concentrated efforts to increase organic photovoltaic device performance in recent years, confirmed power conversion efficiencies have currently exceeded 7% [1, 2] . However, one of the drawbacks of solar cells based on polymers is the use of poly(3,4-ethylene dioxythiophene) (PEDOT) doped with poly(4-styrenesulfonate) (PSS), since the ITO/PEDOT:PSS interface is not stable and has an adverse affect on organic device performance over time [3, 4] . Inverted devices utilizing an evaporated metal oxide/ metal anode (e.g. MoO 3 /Al) instead of PEDOT:PSS have shown comparable performance to their conventional counterparts [5] [6] [7] [8] . Furthermore, zinc oxide (ZnO) has successfully been applied as a low work function cathode in inverted solar cell structures [9] [10] [11] , organic tandem solar cell devices [12] , and even as acceptor material in poly-mer:ZnO bulk heterojunctions [13] [14] [15] . In the nanoparticle approach, ZnO nanoparticles (nc-ZnO) of approximately 5 nm in diameter were synthesized by hydrolysis and condensation of zinc acetate dihydrate by KOH in methanol, using the method of Pacholski et al. [16] . Furthermore, MoO 3 has been used in organic light emitting diodes as the anode material in several studies [17] [18] [19] [20] [21] . To further simplify the processing and exclude the nanoparticle synthesis, we introduce a simple, low temperature solution process to fabricate ZnO films for electronic devices. This alternative process for the ZnO cathode involves spin casting and subsequent pyrolysis of the precursor material zinc acetylacetonate (Zn(acac) 2 ) hydrate. This material has been shown to react with H 2 O to form ZnO at low temperatures and high humidity conditions in metal-organic chemical vapor deposition (MOCVD) experiments [22] . The proposed mechanism for such a low temperature decomposition is that the high humidity conditions prevent dehydration of the hydrated material and enable a single step conversion of the precursor to ZnO at temperatures below 120°C, making the process compatible with a 1566-1199/$ -see front matter Ó 2010 Elsevier B.V. All rights reserved. doi:10.1016/j.orgel.2010.06.002 large amount of organic materials and devices. We demonstrate inverted solar cells with precursor ZnO electron transport layers for three well-studied polymer:fullerene systems, i.e. based on poly(3-hexylthiophene) (P3HT), poly [9,9- didecanefluorene-alt-(bis-thienylene) benzothiadiazole] (PF10TBT) and poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b 0 ]dithiophene)-alt-4,7-(2,1,3benzothiadiazole)] (PCPDTBT). As an acceptor the standard [6, 6] -phenyl-C 61 -butyric acid methyl ester (PCBM) has been used. All three blends can provide power conversion efficiencies in excess of 4% in combination with a fullerene acceptor [23] [24] [25] . Our inverted solar cell structures using precursor ZnO exhibit a performance that is identical to conventional bottom-anode-top-cathode geometry solar cells.
Experimental
Zinc oxide layers were prepared by dissolving 20 mg/mL of Zn(acac) 2 hydrate (obtained from Sigma-Aldrich) in absolute ethanol under ambient conditions, stirring for several hours at 50°C and subsequently filtering with a 0.2 lm pore size PTFE filter. ITO covered glass substrates were cleaned with soap and deionised water, followed by ultrasonic treatment in acetone and 2-isopropanol. Afterwards they were dried in an oven at 140°C for 10 min in ambient conditions, followed by UV-ozone treatment for 20 min. Zn(acac) 2 was spin cast in air at 1000 rpm, while both solution and substrates were held at 50°C. Hydrolysis of the precursor was carried out in air during 30 s on a hotplate at 120°C. This generally resulted in a 20 nm thick layer of ZnO. ZnO typically requires UV illumination to transform from an intrinsic semiconductor into an n-type material by desorption of O À 2 radicals from the surface [26, 27] . After illumination with a Steuernagel SolarConstant 1200 metal halide lamp, a reduction of the work function from 4.2 to 3.7 eV was measured with a Kelvin probe calibrated to a gold reference. This is in line with the assumption of injection of electrons into the conduction band by UV illumination and a corresponding raise of the Fermi level. P3HT:PCBM (1:0.8 by weight, 15 mg/mL of polymer) was dissolved in chloroform. PCPDTBT:PCBM (1:2.5 by weight, 7 mg/mL of polymer) was dissolved in a chlorobenzene solution containing 1.5 wt.% 1,8-octanedithiol, which was added to increase the photovoltaic performance of the resulting devices as described in literature [23, 28] . PF10TBT:PCBM (1:4 by weight, 3 mg/mL of polymer) was dissolved in pristine chlorobenzene. ITO substrates were cleaned as described before. PEDOT:PSS (Clevios P VP AI 4083) was spin cast in air to yield a 50 nm layer on the substrate. Spin casting of the P3HT: PCBM and PCPDTBT:PCBM blends was done in a nitrogen atmosphere, while PF10TBT:PCBM was spin cast in air. Thermal evaporation was performed at a pressure of 10 À6 mbar for all materials (LiF, Al and MoO 3 ). MoO 3 powder was obtained from Sigma-Aldrich and was used as received. The evaporation rate was held constant at 0.05 nm/s to produce a smooth film of 10 nm and 1 nm for MoO 3 and LiF, respectively. Finished cells were illuminated through illumination masks with a Steuernagel SolarConstant 1200 metal halide lamp, calibrated to 1 sun intensity and corrected for spectral mismatch with the AM1.5G spectrum using a Si reference cell. The calculated mismatch factors for P3HT:PCBM, PF10TBT:PCBM and PCPDTBT:PCBM in this setup amounted to 1.40, 1.40 and 1.03, respectively [29] . Electrical characterization was done with a Keithley 2400 SourceMeter.
Results and discussion
The optical absorbance of a 20 nm layer of ZnO was measured with respect to a glass reference with a Perkin-Elmer Lambda 900 spectrophotometer and is shown in Fig. 1 . Note the excellent optical transparency in the visible range of wavelengths of the precursor made ZnO film. The optical absorbance of the precursor layer before conversion is shown for reference. The inset provides a determination of the optical band gap of the ZnO films through extrapolation of the linear regime in the quadratic absorption to 3.53 eV. Furthermore, the structure of Zn(acac) 2 is shown for clarity. Fig. 2 shows the structure of the completed cells, along with the materials used for the active layers. The current density-voltage characteristics of the P3HT: PCBM, PF10TBT:PCBM and the PCPDTBT:PCBM cells under illumination are shown in Fig. 3 . All photoactive layers were approximately 80 nm thick. Table 1 shows the performance parameters for all solar cells presented in this study. We observe that the performance parameters and thus the cell efficiencies are very close for cells with the conventional and inverted geometry. The reported efficiencies are in good agreement with previously published values for optimized PF10TBT:PCBM cells [24] . The efficiency of the PCPDTBT:PCBM cells has been increased in comparison to a previous publication, which is due to decreased recombination by addition of 1,8-octanedithiol in these devices [28, 30] . Furthermore, optical absorption simulations based on the transfer matrix formalism have been performed on the two structures for the PF10TBT:PCBM blend [31] [32] [33] [34] . The optical constants needed for this simulation Fig. 1 . Optical absorbance of a 20 nm layer of ZnO. The absorbance of the Zn(acac) 2 precursor layer is shown for reference. The inset shows the determination of the optical band gap for the ZnO layer. The chemical structure of Zn(acac) 2 is shown for clarity.
were obtained with variable angle spectroscopic ellipsometry [24, 35] . The layer thicknesses of the ZnO and MoO 3 layers for this simulation have been defined as 20 and 10 nm, respectively. This was done to mimic the actual devices as closely as possible, and as such these thicknesses are not necessarily optimized for the optical field. As can be seen in Fig. 4 , the calculated integrated exciton generation rates for both the conventional and inverted cells are equal to within 1% for the two structures. This validates the experimentally observed equal short-circuit currents under the assumption of equal internal quantum efficiencies. In this figure the origin is defined as the point in the photoactive layer where the light first enters the device, i.e. the substrate side. For the conventional device the light is directly reflected at the aluminium top electrode, whereas for the inverted device the 10 nm of MoO 3 acts as an optical spacer, thereby changing the shape of the absorption envelope.
Conclusions
In summary, we have shown the electrical operation of inverted solar cells with an ITO/ZnO cathode, fabricated through the low temperature decomposition of Zn(acac) 2 . The performance of these cells is shown to be equivalent to cells made in the conventional bottom-anode-top-cathode geometry. The simplicity of fabrication of these inverted solar cells without loss of performance will stimulate a further systematic investigation on their enhanced stability.
